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1
OPTICAL PARAMETRIC AMPLIFIER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to technology for amplifying
light using a nonlinear optical efl

ect, and 1n particular relates
to an optical parametric amplifier which amplifies signal light
using an optical parametric etfect which i1s produced by four
wave mixing or the like.

2. Background Art

In previous and present optical communication systems, a
single wavelength transmission system of 10 Gb/s, or a wave-
length-division multiplexed (WDM) transmission system
have been developed which compensate for a decay in the
signal light power due to losses of the transmission path fiber,
by means of an optical amplifier such as an optical fiber
amplifier.

One large problem at present 1s that there 1s a limit to the
amplification band of the actual optical fiber amplifier. More
specifically, in an erbium (Er’*) doped fiber amplifier
(EDFA), the amplifying range in the C-band 1n the vicinity of
1535 nmto 15635 nm, and 1n the L-band 1n the vicinity of 1570
nm to 1610 nm 1s limited. In order to amplifying bands other
than the C- and L-bands, there has been proposed an optical
fiber amplifier or the like which 1s doped with a matenal other
than Er’*, however the present situation is that this has not yet
been obtained the feasibility of an EDFA.

Furthermore, in the EDFA , the noise figure 1s limited to 5 to
6 dB or thereabove, so that there 1s also the problem that the
influence of the reduction 1n optical S/N ratio due to the added
amplified spontaneous emission (ASE) 1s severe. This
becomes a large limiting factor 1n the long distance transmis-
sion of signal light which 1s to be sped up in the future to 40
Gb/s or 160 Gb/s by limiting the repeater interval in the
optical transmission system which uses an optical amplifier.
The actual transmission distance in present systems 1s limited
to several 100 kilometers for signal light of 40 Gb/s, and to
several kilometers at most for signal light of 160 Gb/s.

To address the above problem of optical fiber amplifiers
such as EDFAs, as an optical amplitying technique aimed at
covering a wider band, for example an optical Raman ampli-
fier has been proposed which uses a stimulated Raman scat-
tering, being one of the nonlinear optical effects. Further-
more, there 1s also known a technique for amplifying signal
light using an optical parametric amplification effect which is
produced by four wave mixing (FWM) or the like, and various
types of optical devices which adopt this optical parametric
amplification have been proposed (for example refer to PCT
International Publication No. WO 94/09403 pamphlet, Japa-
nese Unexamined Patent Publication Nos. 7-98464, and
2006-184851, and Watanabe et al., “Novel Fiber Kerr-Switch
with Parametric Gain: Demonstration of Optical Demulti-
plexing and Sampling up to 640 Gb/s”, ECOC. 2004, Th
4.1.6.).

However, the above conventional optical Raman amplifier
1s a gain-distributed type optical amplifier which uses a part or
all of the transmission path fiber as an amplification medium,
so that there 1s the problem that the maintenance and admin-
istration of the transmission path 1s extremely difficult.

On the other hand, 1n an optical amplifier which uses the
optical parametric amplification effect, the construction is
basically different to that of the gain-distributed type optical
amplifier. Therefore the abovementioned problems with the
maintenance and administration do not arise. Furthermore,

there 1s less deterioration 1n the optical S/N ratio due to ASE
noise compared with the EDFA. Therefore 1t 1s possible to
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2

realize favorable noise characteristics. However, the appara-
tus proposed up until now which uses the optical parametric
amplification effect 1s limited to a configuration 1n which 1t 1s
presumed that the wavelength of signal light corresponding to
the amplification band of the actual optical amplifier such as
the EDFA or the like, that 1s to say the signal light of the
C-band or the L-band or the like 1s amplified, and there has yet
to be a proposal for a specific and practical configuration for
amplifying the signal light outside of the amplification band
of the conventional optical amplifier.

SUMMARY OF THE INVENTION

An object of the present invention 1s to provide an optical
parametric amplifier which can extend the amplification band
of a practical optical amplifier such as an EDFA, and improve
the noise characteristics.

In order to achieve the above object, the optical parametric
amplifier of the present invention 1s an optical parametric
amplifier provided with a nonlinear optical medium to which
1s input signal light and pumping light for which the wave-
length 1s different to that of the signal light, which amplifies
the signal light by an optical parametric amplification etfect
due to the pumping light, and outputs this. The optical para-
metric amplifier comprises: a first optical amplifying section
which has an amplification band which includes the wave-
length of the pumping light, and which amplifies the pumping
light and outputs this; and a pumping light supply section
which supplies pumping light output from the first optical
amplifving section, together with signal light having a wave-
length outside the amplification band of the first optical
amplifying section, to the nonlinear optical medium.

In the above configuration, the conventional practical opti-
cal amplifier 1s used as the first optical amplifying section,
and the pumping light which 1s amplified by the first optical
amplifying section 1s supplied to the nonlinear optical
medium by the pumping light supply section. As a result, in
the nonlinear optical medium, signal light having a wave-
length outside of the amplification band of the first optical
amplifying section 1s optical parametric amplified by four
wave mixing or the like which 1s produced by the pumping
light.

According to the abovementioned optical parametric
amplifier of the present invention, due to the optical paramet-
ric amplification etfiect by means of the pumping light which
1s amplified by the first optical amplifying section using the
conventional practical optical amplifier, signal light having a
wavelength outside of the amplification range of the first
optical amplifying section can be amplified. Therefore 1t 1s
possible to extend the amplification band of the conventional
optical amplifier for which the amplification band 1s limited.
Moreover with optical parametric amplilying, the deteriora-
tion 1 optical S/N ratio due to the ASE noise 1s small. There-

fore, the signal light can be amplified with favorable noise
characteristics.

Other objects, feature, and advantages of the present inven-
tion will become apparent from the following description of
the embodiments, 1n conjunction with the appended draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing a basic configuration of an
optical parametric amplifier according to the present mnven-
tion.
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FIG. 2 1s a diagram showing a wavelength arrangement of
signal light and pumping light 1n the basic configuration of

FIG. 1.

FIG. 3 1s a diagram showing an optical parametric ampli-
tying band in the basic configuration of FIG. 1.

FIG. 4 1s a diagram showing a configuration of a first
embodiment of an optical parametric amplifier according to
the present invention.

FIG. 5 1s a diagram showing a wavelength arrangement of
pumping light in the first embodiment.

FIG. 6 1s a diagram showing a configuration of a second
embodiment of an optical parametric amplifier according to
the present invention.

FI1G. 7 1s a diagram showing an example of pumping light
wavelength and amplification bands 1n the second embodi-
ment.

FIG. 8 1s a diagram showing a configuration of a third
embodiment of an optical parametric amplifier according to
the present invention.

FIG. 9 1s a diagram showing a configuration of a fourth
embodiment of an optical parametric amplifier according to
the present invention.

FIG. 10 1s a diagram showing a configuration of a fifth
embodiment of an optical parametric amplifier according to
the present invention.

FIG. 11 1s a diagram showing a configuration of a sixth
embodiment of an optical parametric amplifier according to
the present invention.

FI1G. 12 15 a diagram showing a configuration of a seventh
embodiment of an optical parametric amplifier according to
the present invention.

FIG. 13 1s a diagram schematically showing a switching
operation 1n the seventh embodiment.

FI1G. 14 15 a diagram showing a configuration of an eighth
embodiment of an optical parametric amplifier according to
the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Hereunder 1s a description of a best mode for carrying out
the present invention with reference to the appended draw-
ings. Throughout the drawings the same reference symbols
denote the same or equivalent components.

FIG. 1 1s a diagram showing a basic configuration of an
optical parametric amplifier according to the present mnven-
tion.

In FIG. 1, the optical parametric amplifier comprises; an
optical amplifier 1 serving as a {irst optical amplifying sec-
tion, a multiplexer 2 serving as a pumping light supply sec-
tion, and a nonlinear optical medium 3. The optical amplifier
1 has an amplification band (for example a C-band or L-band
etc.) the same as the atorementioned conventional optical
amplifier such as an EDFA, and amplifies pumping light Ep
having a wavelength within the amplification band, up to a
desired level, and outputs this to the optical multiplexer 2.
Here the wavelength of the pumping light Ep 1s Ap, and the
optical power 1s Pp.

The multiplexer 2 multiplexes the signal light Es input to
the present optical parametric amplifier from a transmission
path fiber or the like (not shown in the drawing), and the
pumping light Ep output from the optical amplifier 1, and
outputs this to the nonlinear optical medium 3. The signal
light Es has a wavelength As which 1s different to the wave-
length Ap of the pumping light Ep. The wavelength As of the
signal light Es 1s basically set to outside of the amplification
band of the optical amplifier 1. Here the mput power of the
signal light Es 1s Ps, and the output power 1s Ps'.
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The present invention can also be employed for setting the
wavelength As of the signal light Es to a wavelength which 1s
different to the pumping light wavelength Ap within the
amplification band of the optical amplifier 1, and a specific
example of this will be described later.

To the nonlinear optical medium 3 1s input the signal light
Es and the pumping light Ep output {from the multiplexer 2,
and by means of the optical parametric amplification effect
produced by four wave mixing or the like due to the pumping
light Ep, the signal light Es 1s amplified and output. As the
nonlinear optical medium 3, for example, 1n the case where
the optical fiber 1s used, a single mode optical fiber may be
used. Furthermore, 1t also effective to use a highly nonlinear
fiber (HNLF) for which the nonlinear optical effect is
increased. As a specific highly nonlinear fiber, 1t 1s possible to
use a type in which the optical power density has been
increased by a scheme to increase the nonlinear refractive
index by doping the core with germanium or bismuth or the
like, and reducing the mode-field, or to use a type which uses
a photonic crystal fiber structure. Moreover, as an other
device which has the optical parametric amplification effect,
it 1s possible to use an optical waveguide of periodically poled
lithium niobate (PPLN) or the like having a quasi phase-
matching structure which can effectively generate a second-
ary nonlinear optical effect of three wave mixing (ITWM) or
the like (for example refer to 1. Brener et al., “Polarisation-
insensitive wavelength converter based on cascaded nonlin-
earities 1in LiNbO, waveguides”, Electronics Letters, 6 Jan.
2000, Vol. 36, No. 1, p. 66-67), or an optical crystal of K'TP or
the like, or a semiconductor element of gallium-aluminum
arsenic (GaAlAs) or the like, as the nonlinear optical medium
3. Furthermore, 1n the case where the nonlinear optical
medium 3 1s an optical fiber, it 1s preferable to use one which
has a zero dispersion wavelength matching or approximately
matching the wavelength Ap of the mput pumping light Ep.

Next 1s a description of the operation of the optical para-
metric amplifier having the above basic structure.

The present optical parametric amplifier 1s characterized
by the point that, as shown 1n the example of the wavelength
arrangement of FIG. 2, the wavelength Ap of the pumping
light Ep 1s arranged within the amplification band A of the
conventional optical amplifier 1 such as an EDFA, and the
signal light Es having the wavelength As outside of the ampli-
fication band of the optical amplifier 1 1s optical parametric
amplified. More specifically, the pumping light Ep having the
wavelength Ap within the amplification band A, 1s amplified
up to a desired power Pp by the optical amplifier 1, and 1s then
input to the nonlinear optical medium 3 via the multiplexer 2.
In the nonlinear optical medium 3, the signal light Es which
has been mnput via the multiplexer 2, 1s optical parametric
amplified 1n approximately the same polarization direction as
the pumping light Ep, by four wave mixing (FWM) or three
wave mixing (1 WM) due to the pumping light Ep (refer to
signal light Es' for the output shown on the right side of FIG.
2). A light Ec shown on the rnight side of FIG. 2 1s for FWM
light (1dler light), the frequencies of Ep, Es, and Ec are made
respectively wp, ms, and wc, and the frequency wc of Ec
becomes (2wp-ms).

Regarding the gain of the abovementioned optical para-
metric amplifier, for example in the case of FWM, when the
power Pp of the pumping light Ep 1s sufficiently large com-
pared to the power Ps of the signal light Es, this 1s amplified
approximately proportional to the square of the power Pp of
the pumping light Ep. More specifically, for example 1n the
case where an optical fiber oflength L. and loss o 1s used as the
nonlinear optical medium 3, and assuming that the polariza-
tion state for all waves are the same and the best phase
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matching 1s achieved within the optical fiber, and also the
power Pp of the pumping light Ep 1s sulliciently large com-
pared to the power Ps of the signal light Es and the power Pc
of the 1dler light Ec, then the signal light Es' output from the
nonlinear optical medium 3 which uses the abovementioned
optical fiber, acquires a gain mys which satisfies the relation of
the following equation.

ns=exp(-o-L)- [1+¢°(L)] (1)

In equation (1), (L) represents a nonlinear optical phase

shift, which satisfies the relationship of the following equa-
tion (2).

PL)=y-FpO)L g (2)

In equation (2), v 1s the third-order nonlinear coetficient for
the optical fiber, and 1s expressed by the following equation
(3), using velocity of light ¢, optical angular frequency o,
nonlinear refractive index n,, and effective core cross-section
area A, Furthermore, Pp (0) 1s the power of the pumping
light Ep 1nput to the optical fiber. Moreover, L_-1s the etfec-
tive nonlinear interaction length, and 1s expressed by the
tollowing equation (4).

y=(w#,)/(c4 g (3)

L ~[1-exp(-a-L))a (4)

From the relationships of equations (1) to (4), it can be seen
that the gain ms of the optical parametric amplification 1n the
optical fiber, becomes larger 1n a form which 1s proportional
to the square of the product of the nonlinear constant v, the
pumping light power Pp, and the interactive length L How-
ever, the generation efliciency of the FWM depends strongly
on the polarization of the interacting light waves, and the
generation efliciency 1s the highest between light waves of the
same polarization, and between light waves of a mutually
orthogonal polarization, FWM 1s not generated. Conse-
quently, 1n the case where the power Pp of the pumping light
Ep 1s sufficiently large, the signal light component of the same
polarization direction as the pumping light Ep 1s selectively
optical parametric amplified.

The pumping light Ep 1s continuous wave (CW) light. In
the case where this pumping light Ep 1s input to the nonlinear
optical medium 3 at a high power, stimulated Brillouin scat-
tering (SBS) 1s produced 1n the nonlinear optical medium 3,
so that there 1s the possibility that the gain of the optical
parametric amplification 1s limited by the SBS. In such a case,
for example a method which suitably adds optical phase
modulation or optical frequency modulation to the pumping,
light Ep 1s effective.

FIG. 3 shows an example of an amplification band of an
optical parametric amplifier which acquires a gain s as men-
tioned above. In this manner, the amplification band B of the
present optical parametric amplifier 1s formed 1n a wave-
length band shown by oblique lines positioned on the outside
(here on the short wavelength side) of the amplification band
A of the optical amplifier 1, that 1s to say, a wavelength range
in which the desired gain cannot be acquired with the con-
ventional practical optical amplifier. The width of this ampli-
fication band B, in the case where an optical fiber 1s used as
the nonlinear optical medium 3, becomes the widest when the
zero dispersion wavelength thereof coincides or approxi-
mately coincides with the wavelength Ap of the pumping light
Ep. Inthis case, the efficiency of the optical parametric ampli-
fication also becomes excellent.

In the above manner, according to the present optical para-
metric amplifier, by applying the pumping light Ep amplified
using the conventional optical amplifier 1 such as an EDFA to
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the nonlinear optical medium 3, then due to the optical para-
metric amplification effect due to the FWM or the like, the
signal light Es having a wavelength outside of the amplifica-
tion band of the optical amplifier 1 can be amplified. Conse-
quently, 1t 1s possible to extend the amplification band of the
optical amplifier such as an EDFA, for which the amplifica-
tion band 1s limited. Furthermore, 1n the optical parametric
amplification, since the degradation of optical S/N ratio due
to ASE noise 1s less compared with the EDFA, a favorable
noise characteristic can be also realized. Moreover, 1n the
generation of FWM, the phase of the signal light 1s not dis-
turbed. Therefore, with the present optical parametric ampli-
fier, this can be applied not only to optical intensity modulated
signal, but also to optical phase modulated signal and optical
frequency modulated signal.

Next 1s a description of specific embodiments of the optical
parametric amplifier which has the basic structure as
described above.

FIG. 4 1s a diagram showing a configuration of a first
embodiment of an optical parametric amplifier according to
the present invention.

In FIG. 4, the optical parametric amplifier of this embodi-
ment uses the basic configuration as shown before 1n FIG. 1,
and 1s configured so as to extend the amplification band of the
conventional EDFA corresponding to the C- and L-bands.
More specifically, 1n the present optical parametric amplifier,
the input WDM signal light 1s applied to a branching filter 11,
and 1s branched into a signal light Es (C) of C-band, a signal
light Es (L) of L-band, and signal lights Esl, Es2 and Es3
outside of the C- and L-bands. To the output port correspond-
ing to the C-band of the branching filter 11 1s connected the
input port of the C-band EDFA 12. Furthermore, to the output
port corresponding to the L-band of the branching filter 11 1s
connected the mput port of the L-band EDFA 13. Moreover,
to the output port corresponding to other than the C- and
L-bands 1s connected the signal light input port of a multi-
plexer 2 1n the abovementioned basic configuration. Here the
C-band EDFA 12 and the L-band EDFA 13 function as a
second optical amplifying section.

Furthermore, in the present optical parametric amplifier, an
EDFA having an amplification band in the C- and L-bands 1s
used as the optical amplifier 1 1n the beforementioned basic
configuration, and an optical fiber 1s used as the nonlinear
optical medium 3. Moreover, an optical filter (FIL) 15 1s
provided on the output end of the nonlinear optical medium 3.
This optical filter 15 1s for filtering the optical signals Esl,
Es2, and Es3 from the output light {from the nonlinear optical
medium 3.

In FIG. 4, for the optical amplifier 1, an example 1s shown
which amplifies the C- and L-bands with one EDFA, however
the optical amplifier 1 may be constructed by 1ndividually
providing EDFAs for each band. Furthermore, the nonlinear
optical medium 3 1s not limited to an optical fiber, and 1t 1s also
possible to use an HNLF or PPLN waveguide as mentioned
before, or a GaAlAs device or the like.

FIG. § shows an example of a wavelength arrangement for
the pumping light 1n the atorementioned optical parametric
amplifier. Here a pumping light Ep1 having a wavelength Apl
1s used for the range which 1s relatively close to the edge on
the short wavelength side of the amplification band A1l cor-
responding to the C-band of the optical amplifier (EDFA) 1, a
pumping light Ep2 having a wavelength Ap2 1s used for the
range which 1s relatively close to the edge on the long wave-
length side of the amplification band Al, and a pumping light
Ep3 having a wavelength Ap3 1s used for the range which 1s
relatively close to the edge on the long wavelength side of the
amplification band A2 corresponding to the L-band of the
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optical amplifier 1. These pumping lights Epl to Ep3 are
amplified up to a desired level by the optical amplifier 1, and
are then applied to the nonlinear optical medium (optical
fiber) 3 via the multiplexer 2, to thereby obtain the optical
parametric amplification band B1 on the short wavelength
side from the C-band, the optical parametric amplification

band B2 between the C-band and the L-band, and the optical
parametric amplification band B3 on the long wavelength
side from the L-band.

In the above example, in order to obtain the optical para-
metric amplification band B2 between the C-band and the
[-band, the pumping light Ep2 1s positioned in the region
which 1s comparatively close to the edge on the long wave-
length side of the amplification band Al corresponding to the
C-band. However, instead of this pumping light Ep2, as
shown by the broken line arrow 1n FIG. §, a pumping light
Ep2' having a wavelength Ap2' may be used for the range
which 1s comparatively close to the edge on the short wave-
length side of the amplification band A2 corresponding to the
[-band, to thereby obtain the optical parametric amplification
band B2 between the C-band and the L-band.

In the optical parametric amplifier of the above described
configuration, the C-band signal light Es (C) and the L-band
signal light Es (L) which are branched by the branching filter
11 are respectively amplified by the C-band EDFA 12 and the
L-band EDFA 13 1n a similar manner to heretofore. On the
other hand, the optical signals Es1 to Es3 which are outside of
the C- and L-bands which are branched by the branching filter
11, are 1mput to the nonlinear optical medium 3 to which the
pumping lights Ep1 to Ep3 are applied in a sufficiently large
power via the multiplexer 2, to thereby give optical paramet-
ric amplification. Then, the signal lights Es (C) and Es (L),
which have been respectively amplified by the C-band EDFA
12 and the L-band EDFA 13, and the signal lights Es1 to Es3
which have been filtered by the optical filter 135 after being
amplified by the nonlinear optical medium 3, are multiplexed
in the multiplexer 14 and output to the outside.

As mentioned above, according to the optical parametric
amplifier of the first embodiment, the amplification range
outside of the C- and L-bands which cannot be covered by the
conventional practical EDFA, can be realized by the optical
parametric amplification effect due to the pumping lights Epl
to Ep3, so that signal light which 1s allocated over an
extremely wide wavelength band which includes the C- and
the L-bands can be comparatively easily amplified.

Next 1s a description of a second embodiment of the present
invention.

FIG. 6 1s a diagram showing a configuration of the second
embodiment of an optical parametric amplifier according to
the present invention.

In FIG. 6, the optical parametric amplifier of this embodi-
ment 1s one which uses the basic configuration shown before
in FIG. 1, to increase the gain with respect to the signal light
of a specific wavelength in the conventional optical amplifier.
More specifically, in this optical parametric amplifier, the
input signal light Es 1s applied to a conventional optical
amplifier 16 such as an EDFA. This optical amplifier 16 1s
basically the same as the optical amplifier 1 to which the
pumping light Ep 1s mput. Here the wavelength As of the
signal light Es 1s set to a wavelength which 1s different to the
wavelength Ap of the pumping light Ep 1n the amplificatio
band of the optical amplifier 16. The signal light Es amplified
by the optical amplifier 16 1s applied to the signal light input
port of the multiplexer 2 1n the basic configuration shown
betore 1n FI1G. 1, and 1s input to the nonlinear optical medium
3 using an optical fiber or the like via the multiplexer 2.
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FIG. 7 shows an example of wavelength and amplification
bands of pumping light 1n the aforementioned optical para-
metric amplifier. Here pumping light Ep having a wavelength
Ap 1s used 1n the band positioned close to the center of the
amplification band A of the optical amplifier 1. The pumping
light Ep 1s amplified to a desired level by the optical amplifier
1, and 1s then applied to the nonlinear optical medium 3 via
the multiplexer 2, to thereby obtain the optical parametric
amplification band B on the short wavelength side and the
long wavelength side of the pumping light wavelength Ap
within the amplification band A of the optical amplifier 1
(basically the same as the amplification band of the optical
amplifier 16). As a result, for the whole of the present optical
parametric amplifier, the gain of the optical amplifier 16 with
respect to the signal light Es corresponding to the aforemen-
tioned amplification band B 1s increased by the gain amount
for the optical parametric amplification. That is to say, 1n the
case where the gain of the conventional optical amplifier
increases with respect to the signal light of a specific wave-
length, then use of the atorementioned optical parametric
amplification 1s eflective.

Heretofore, in the case where the gain wavelength charac-
teristics of the optical amplifier are flattened, an optical loss
circuit which changes the loss depending on the wavelength 1s
used, and 1t 1s common to equalize so that the gains over the
whole amplification range are all the same at a minimum gain
difference. However, with this conventional gain equalization
means, the result 1s that a large loss 1s added to the amplified
signal light. To address this, 1f as with the present optical
parametric amplifier, optical parametric amplification 1s used
to equalize the gain of the conventional optical amplifier 16,
then by optical parametric amplitying the wavelength region
tor which the gain 1s relatively low, the whole amplification
band of the optical amplifier 16 can be tlattened at a high gain.
As a result, it 1s possible to realize gain equalization of the
optical amplifier 16 while improving the gain, without gen-
erating losses.

Next 1s a description of a third embodiment of the present
ivention.

FIG. 8 1s a diagram showing a configuration of the third
embodiment of an optical parametric amplifier according to
the present invention.

In FIG. 8, the optical parametric amplifier of this embodi-
ment 1s an application example for where 1n the basic con-
figuration shown betfore 1n FIG. 1, control of the polarization
and power of the signal light and the pumping light 1s per-
formed so as to produce the nonlinear optical effect at an
optimum state.

More specifically, 1n this optical parametric amplifier, a
polarization controller 21 for controlling the polarization of
the input signal light Es, 1s connected to the signal light input
port of a multiplexer 2. Furthermore, a polarization controller
22 for controlling the polarization of the pumping light Ep, 1s
connected to the input port of an optical amplifier 1. More-
over, a power controller 23 (for example a variable optical
attenuator or the like) for controlling the power of the output
signal light Es', 1s provided aifter a nonlinear optical medium
3. In addition, as a configuration for controlling the above-
mentioned polarization controllers 21 and 22, the power con-
troller 23, and the optical amplifier 1, there 1s provided:
respective take out branching filters 24 and 25 for where a part
of the signal light and the pumping light input/output with
respect to the nonlinear optical medium 3 1s made monitor
light; a momnitor circuit 26 which detects the power of the
respective monitor lights; a comparator circuit 27 which com-
pares the monitor light power detected by the monitor circuit
26; a polarization control circuit 28 which optimizes the
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polarization of the signal light and the pumping light based on
the comparison results of the comparator circuit 27; and a
power control circuit 29 which optimizes the power of the
signal light and the pumping light.

As a control method for the polarization and the power of
the signal light and the pumping light executed by the optical
parametric amplifier of the abovementioned configuration, at
first the polanzation of the mput signal light Es and the
pumping light Ep 1s adjusted using the polarization control-
lers 21 and 22, so as to give a condition where the nonlinear
optical effect 1n the nonlinear optical medium 3 1s optimally
produced, that 1s to say a polarization state where the input
signal light Es and the pumping light Ep become substantially
the same polarization. This optimization of the polarization,
more specifically so that the power of the monitor light cor-
responding to the signal light on the output side detected by
the monitor circuit 26 becomes a maximum, 1s achieved by
teedback controlling the polarization controllers 21 and 22 by
the polarization control circuit 28.

Next the optical amplifier 1 1s controlled, and the power of
the pumping light Ep 1s adjusted so that sufficient optical
parametric gain 1s produced 1n the nonlinear optical medium
3. This power adjustment of the pumping light Ep, more
specifically so that the power of the monitor light correspond-
ing to the pumping light on the iput side detected by the
monitor circuit 26 becomes a necessary value, 1s achieved by
teedback controlling the gain of the optical amplifier 1 by the
power control circuit 29. Then, finally control of the power
controller 23 provided on the output end 1s performed corre-
sponding to the power of the monitor light corresponding to
the signal light on the output side detected by the monitor
circuit 26, so that the power of the signal light Es' output from
the optical parametric amplifier becomes a desired level.

In the above manner, according to the optical parametric
amplifier of the third embodiment, since the polarization and
the power of the signal light and the pumping light input to the
nonlinear optical medium 3 1s optimized, 1t 1s possible to
optical parametric amplify the signal light stably and to a
desired level with a favorable etficiency.

In the third embodiment, the configuration example was
shown for where the polarization controllers 21 and 22 were
provided corresponding to both of the signal light and the
pumping light, however since 1t 1s sufficient 1f the relative
polarization of the signal light and the pumping light can be
controlled, then 1t 1s possible to omit one of the polarization
controllers 21 and 22. Furthermore, the power controller 23
was positioned after the nonlinear optical medium 3, however
the power controller 23 may be positioned betfore the nonlin-
car optical medium 3 to perform control of the signal light
power.

Next 1s a description of a fourth embodiment of the present
ivention.

FIG. 9 15 a diagram showing a configuration of the fourth
embodiment of an optical parametric amplifier according to
the present invention.

In FIG. 9, the optical parametric amplifier of this embodi-
ment 1s an application example 1n which a configuration
which 1s not dependent on the polarization of the input optical
signal 1s realized for the aforementioned third embodiment
shown 1n FIG. 8. More specifically, the point where a polar-
izer 31 1s provided between the branching filter 11 and the
multiplexer 2 1s different to 1 the third embodiment. This
polarizer 31 1s for example a polarization beam splitter (PBS)
or an optical crystal having birefringence, which passes light
of the polarization principle axis components and shuts of
components with the orthogonal polarization.
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In the optical parametric amplifier of the abovementioned
configuration, the optical signal Es imput with arbitrary
optional polarization 1s input to the polarization controller 21
and the polarizer 31, so that after converting to linear polar-
1zed light of the same direction as the polarization principle
axis of the polarizer 31 1t 1s applied to the nonlinear optical
medium 3. By means of such a configuration, the polarization
controller 21 1s preferably optimized so that the power of the
signal light which passes through the polarizer 31 becomes a
maximum. Here feedback control of the polarization control-
ler 21 1s performed by the polarization control circuit 28 so
that the power ol the monitor light corresponding to the signal
light on the mput side detected by the monitor circuit 26
becomes a maximum. The control of the polarization of the
pumping light with respect to the polarization of the signal
light, and the control of the power of the signal light and the
pumping light, can be performed by a similar method to the
case of the aforementioned third embodiment.

In the above manner, according to the optical parametric
amplifier of the fourth embodiment, the situation where the
optical parametric amplification characteristics change
depending on the polarization of the mput signal light i1s
avoided, and hence the parametric amplification of the signal
light can be carried out more stably.

Next 1s a description of a fifth embodiment of the present
ivention.

FIG. 10 1s a diagram showing a configuration of the fifth
embodiment of an optical parametric amplifier according to
the present invention.

In FI1G. 10, the optical parametric amplifier of this embodi-
ment 1s a modified example which realizes a configuration
which 1s not dependent on the polarization of the input signal
light, by a method which 1s different to that of the fourth
embodiment shown 1n FI1G. 9. More specifically, 1n this opti-
cal parametric amplifier, a polarization beam splitter (PBS)
32 is provided before the polarization controller 21, and by
means of the PBS 32, the input signal light Es 1s separated into
two orthogonal polarization states, and after being converted
to linear polarized light of the same direction by the polariza-
tion controllers 21 and 33 respectively corresponding to
these, the power 1s combined 1n a combiner 35. In this power
combining, a time adjusting optical circuit 34 1s used as
necessary 1n order to match the timing of the two polarized
components. The signal light Es for which the power has been
combined 1n the combiner 35 1s applied to the nonlinear
optical medium 3 via the polarizer 31.

Also by means of the optical parametric amplifier of the
fifth embodiment, similarly to the case of the fourth embodi-
ment, the signal light Es input 1n arbitrary optional polarized
condition 1s converted to a predetermined linear polarized
light, and then applied to the nonlinear optical medium 3, and
the situation where the optical parametric amplification char-
acteristics are changed depending on the polarization of the
input signal light 1s avoided, and hence the parametric ampli-
fication of the signal light can be more stably performed.

Next 1s description of a sixth embodiment of the present
invention.

FIG. 11 1s a diagram showing a configuration of the sixth
embodiment of an optical parametric amplifier according to
the present invention.

In FI1G. 11, the optical parametric amplifier of this embodi-
ment 1s a modified example which realizes a configuration
which 1s not dependent on the polarization of the input signal
light, by a method which 1s different to that of the fourth and
fitth embodiments shown before 1n FIG. 9 and FI1G. 10. More
specifically, 1n this optical parametric amplifier, a polariza-
tion beam splitter (PBS) 36 1s provided betore the polariza-
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tion controller 22, and by means of the PBS 36, the pumping
light Ep 1s separated into two orthogonal polarization states,
and after being converted to the same linear polarized light
while keeping the orthogonal polarization states, by the polar-
ization controllers 22 and 37 respectively corresponding to
these, the power 1s combined 1n a combiner 39. In this power
combining, a time adjusting optical circuit 38 1s used as
necessary 1n order to match the timing of the two polarized
components. The pumping light Ep for which the power has
been combined in the combiner 39 1s amplified up to a nec-
essary level 1n the optical amplifier 1, and 1s then applied to
the nonlinear optical medium 3 via the multiplexer 2. Here the
signal light Es which 1s input with arbitrary optional polar-
ization 1s applied to the nonlinear optical medium 3 via the
multiplexer 2.

In the optical parametric amplifier of the abovementioned

configuration, the pumping light Ep which 1s power com-
bined while keeping the cross polarization states, 1s applied to
the nonlinear optical medium 3 to thereby obtain a uniform
optical parametric amplification effect even if the signal light
Es 1s mput to the nonlinear optical medium 3 in arbitrary
optional polarization. As a result, the situation where the
optical parametric amplification characteristics are changed
depending on the polarization of the mput signal light i1s
avolded, and hence the parametric amplification of the signal
light can be more stably performed.
In the sixth embodiment, the pumping light 1s power com-
bined after being separated into two orthogonal polarization
states, however as a concept similar to this, the pumping light
may be applied to the nonlinear optical medium 3 via the
optical amplifier 1 and the multiplexer 2 after being converted
to circularly polarized light. Furthermore, 1t1s also possible to
adopt a configuration of a polanization diversity method
where the signal light 1s separated into two linear polarized
light components which are orthogonal, and after these
respective linear polarized light components have been opti-
cal parametric amplified by the present invention, they are
polarization re-combined. Moreover it 1s also possible to
realize an optical parametric amplifier which 1s not dependent
on the polarization of the iput signal light, by applying to the
present invention, a configuration where a polarization-main-
tained fiber (nonlinear optical medium) such as for example
that shown 1 FIG. 9 of Japanese Unexamined Patent Publi-
cation No. 7-98464 1s connected 1n a loop form.

Next 1s a description of a seventh embodiment of the
present invention.

FI1G. 12 1s a diagram showing a configuration of the seventh
embodiment of the optical parametric amplifier of the present
invention.

In FI1G. 12, the optical parametric amplifier of this embodi-
ment, 1 the basic configuration shown before i FIG. 1,
comprises: a polarization controller 41 which controls the
polarization of the input light signal light Es and outputs to the
multiplexer 2; a pumping light pulse generating circuit 42
which generates a pulsed pumping light; a polarization con-
troller 43 which controls the polarization of the pumping light
pulse Ep output from the pumping light pulse generating
circuit 42, and outputs this to the optical amplifier 1; and a
polarizer 44 arranged on the output end of the nonlinear
optical medium 3, and the parametric amplification of the
signal light has a switching operation.

The pumping light pulse generating circuit 42 generates a
pumping light pulse Ep 1n which a pumping light having a
wavelength within the amplification band of the optical
amplifier 1 1s pulsed 1n accordance with a necessary pattern.
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The wavelength position of the pumping light pulse Ep and
the signal light Es 1s basically the same as for the case shown
betore i FIG. 2.

The polarnization controller 43 controls the polarization
state of the pumping light pulse Ep output from the pumping,
light pulse generating circuit 42. Here the polarization state of
the pumping light Ep 1s set to linear 1n a predetermined angle
with respect to the polarization direction of the signal light Es
controlled by the polarization controller 41. Preferably, the
polarization state of the pumping light pulse Ep 1s set to linear
so that the angle between the polarization direction of the
signal light Es, and the polarization direction of the pumping,

light pulse Ep becomes 40 to 50 degrees (for example 45
degrees).

The polarizer 44 1s for example a polarization beam splitter
(PBS) or a birefringent optical crystal, which passes light of
the polarization principle axis components and blocks off
light of the orthogonal components. Here the polarization
principle axis of the polarizer 44 1s set so as to be orthogonal
to the polarization direction of the signal light Es. In other
words, the polarizer 44 controls the polarization direction of
the signal light Es so that this becomes orthogonal to the
polarization principle axis of the polarizer 44.

In the optical parametric amplifier of the above configura-
tion, the signal light Es for which the polarization direction
has been controlled by the polarization controller 41 so that 1t
becomes orthogonal to the polarization principle axis of the
polarizer 44 at the input of the polarizer, and the pumping
light pulse Ep for which the polarization direction has been
controlled by the polarization controller 43 to a direction
approximately 45 degrees with respect to the polarization
direction of the signal light Es, and after which has been
amplified to a necessary level by the optical amplifier 1, are
combined by the multiplexer 2, and mput to the nonlinear
optical medium 3.

In the nonlinear optical medium 3, when the power of the
pumping light pulse Ep 1s a low level such that FWM or the
like 1s not produced, the signal light Es passes through the
nonlinear optical medium 3 without being parametric ampli-
fied, and all of the polarized light components of the signal
light Es are shut off by the polarlzer 44. On the other hand,
when the power of the pumping light pulse Ep exceeds a level
which produces the nonlinear optical efiect, then as shown by
the schematic of FIG. 13, the signal light Es 1s optical para-
metric amplified 1n the polanzatlon direction of the pumping
light pulse Ep, and as a result, the polarization state of the
signal light Es 1s changed so that the components of one part
pass through the polarizer 44. Since FWM 1s selectively pro-
duced with respect to the Signal light Es of the same polar-
1zation component as the pumping light pulse Ep, then when
the power of the pumping light Ep becomes suificiently large,
then due to the optical parametric amplification effect, the
polarization state of the signal light Es becomes close to the
polarization of a 45 degrees direction the same as the pump-
ing light pulse Ep. Therefore, the transmitted light of the
polarizer 44 1s rapidly amplified together with the increase in
the power of the pumping light pulse Ep. Consequently, the
present optical parametric amplifier has a switching operation
following the pattern of the pumping light pulse Ep, and
realizes an optical amplifier which amplifies the signal light
only at a desired time interval, and suppresses the signal light
at other times. The response time of the FWM within the
nonlinear optical medium 1s of femtosecond order being
super high speed, and realization of an optical parametric
amplifier which can also correspond to very high speed signal

light 1n excess of terabits can be expected.




US 7,940,454 B2

13

Furthermore, 1n the above optical parametric amplifier, the
off-level of the signal light Es 1s shut off to a sulliciently low
value by the polarnizer 44, and hence optical amplification of
a high performance having a high extinction ratio and a high
optical S/N ratio 1s possible. Furthermore, 1t 1s possible to also
suppress the fluctuations and noise of the off-level of the
signal light Es by the polarizer 44.

Next 1s a description of an e1ght embodiment of the present
ivention.

FI1G. 14 shows a configuration of the eighth embodiment of
an optical parametric amplifier according to the present
invention.

In FIG. 14, the optical parametric amplifier of this embodi-
ment 1s an application example which suppresses the fluctua-
tions of the off-level of the signal light in the basic configu-
ration shown before 1n FIG. 1, by a method which 1s different
to that of the seventh embodiment. More specifically, in this
optical parametric amplifier, a saturable absorption medium
45 15 arranged after the nonlinear optical medium 3. For this
saturable absorption medium 45 1t 1s possible to use for
example an optical semiconductor element, an electroabsorp-
tion type optical element, a Mach-Zehnder interferometer
type optical fiber switch, or a nonlinear optical loop mirror
(NOLM) type switch. By providing the above supersaturated
absorption medium 45, 1t 1s possible to suppress the tluctua-
tions of the ofi-level of the signal light.

In the eighth embodiment, the example 1s shown for where
the saturable absorption medium 1s provided after the nonlin-
car optical medium, however even 1f the saturable absorption
medium 1s provided before the nonlinear optical medium 3,
the fluctuations in the off-level of the signal light can be
suppressed.

What 1s claimed 1s:

1. An optical parametric amplifier provided with a nonlin-
car optical medium to which 1s input signal light and pumping
light, which amplifies the signal light by an optical parametric
amplification efiect due to the pumping light, and outputs
this, said optical parametric amplifier comprising:

a signal light input port to which 1s input said signal light;

a pumping light mput port to which 1s iput said pumping
light for which the wavelength 1s different to that of said
signal light;

a first optical amplifying section which has an amplifica-
tion band which includes the wavelength of said pump-
ing light and doesn’t include the wavelength of said
signal light, and which amplifies said pumping light
input to said pumping light input port, and outputs this;
and

a pumping light supply section which supplies said pump-
ing light output from said first optical amplifying sec-
tion, together with said signal light mnput to said signal
light mput port and having a wavelength outside the
amplification band of said first optical amplifying sec-
tion, to said nonlinear optical medium, wherein

said first optical amplifying section 1s constructed using an
erbium doped fiber amplifier having an amplification
band 1n a C-band,

said pumping light has a wavelength close to the edge on
the short wavelength side in the C-band, and

said nonlinear optical medium amplifies signal light hav-
ing a wavelength in a region on the short wavelength side
from the C-band, by an optical parametric amplification

elfect due to said pumping light, and outputs this.

2. An optical parametric amplifier according to claim 1,
comprising;

a branching section to which 1s mput WDM signal light

iput to said signal light mput port, which includes a
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plurality of signal lights for which the wavelengths are
different, and which branches the WDM signal light
into; signal light of a first wavelength band having a
wavelength outside of the amplification band of said first
optical amplifier, and signal light of a second wave-
length band having a wavelength within of the amplifi-
cation band of said first optical amplifier;

a multiplexing section which combines the optical signal
of said first wavelength band, and the optical signal of
said second wavelength band; and

a second amplitying section which has an amplification
band corresponding to the amplification band of said
first amplifying section, which amplifies the signal light
of said second wavelength band output from said
branching section, and outputs this to said multiplexing
section, characterized 1n that

said pumping light supply section supplies said pumping
light which has been amplified by said first optical
amplifying section, together with signal light of said first
wavelength band output from said branching section, to
said nonlinear optical medium, and

said nonlinear optical medium amplifies signal light of said
first wavelength band by the optical parametric amplifi-
cation effect due to said pumping light, and outputs this
to said multiplexing section.

3. An optical parametric amplifier according to claim 1,
comprising an optical filter which sorts optical parametric
amplified signal light, from output light of said nonlinear
optical medium.

4. An optical parametric amplifier according to claim 1,
wherein said nonlinear optical medium 1s an optical fiber
having an average zero dispersion wavelength matching or
approximately matching the wavelength of said pumping
light.

5. An optical parametric amplifier according to claim 1,
wherein said nonlinear optical medium 1s a highly nonlinear
fiber 1n which the optical power density within the mode field
1s increased more than the optical power density within the
mode field 1n a single mode optical fiber.

6. An optical parametric amplifier according to claim 5,
wherein said highly nonlinear fiber has a structure 1n which
the mode field has been made more narrow than the mode
field 1n a single mode optical fiber.

7. An optical parametric amplifier according to claim 5,
wherein said highly nonlinear fiber has a structure in which at
least one of germanium and bismuth has been doped 1n the
core.

8. An optical parametric amplifier according to claim 1,
wherein said nonlinear optical medium is a photonic crystal
fiber.

9. An optical parametric amplifier according to claim 1,
wherein said nonlinear optical medium 1s an optical
waveguide having a quasi-phase matching structure.

10. An optical parametric amplifier according to claim 1,
wherein said nonlinear optical medium 1s a gallium-alumi-
num arsenic (GaAlAs) element.

11. An optical parametric amplifier according to claim 2,
comprising:

a polarization controller which controls the relative polar-
ization of the signal light and the pumping light input to
said nonlinear optical medium;

a monitor section which monitors the power of signal light
and pumping light input/output to said nonlinear optical
medium; and

a control section which controls said polarization control-
ler so that the power of signal light output from said
nonlinear optical medium becomes a maximum, based
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on the monitor result of said monitor section, and then
controls said first optical amplifying section so that the
power of pumping light input to said nonlinear optical
medium becomes a predetermined value.

12. An optical parametric amplifier according to claim 11,
comprising;

a power controller which controls the power of signal light

output from said nonlinear optical medium;

and said control section controls said power controller so
that the power of signal light output from said nonlinear
optical medium becomes a predetermined value.

13. An optical parametric amplifier according to claim 2,

comprising;

a device for making the signal light input to said nonlinear
optical medium, linear polarized light.

14. An optical parametric amplifier according to claim 2,

comprising;

a device for making the pumping light input to said non-
linear optical medium, circularly polarized light.

15. An optical parametric amplifier according to claim 2,

comprising;

a polarizer arranged on the output side of said nonlinear
optical medium;

a first polarization controller which controls the polariza-
tion of the signal light output from the nonlinear optical
medium to a direction orthogonal to the polarization
principle axis of said polarizer;

a pumping light pulse generating circuit which pulses said
pumping light and provides this to said first optical
amplifying section; and

a second polarization controller provided between said
pumping light pulse generating circuit and said first
optical amplifying section, which sets the polarization
direction of the pumping light pulse to a predetermined
angle with respect to the polarization direction of said
signal light,

and said nonlinear optical medium amplifies said signal
light by the optical parametric amplification effect due
to said pumping light, in the polarization direction of
said pumping light pulse.

16. An optical parametric amplifier according to claim 2,
wherein a saturable absorption medium 1s provided before or
after said nonlinear optical medium.

17. An optical parametric amplifier provided with a non-
linear optical medium to which 1s input signal light and pump-
ing light, which amplifies the signal light by an optical para-
metric amplification effect due to the pumping light, and
outputs this, said optical parametric amplifier comprising:

a signal light input port to which 1s input said signal light;

a pumping light input port to which 1s input said pumping
light for which the wavelength 1s different to that of said
signal light;
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a first optical amplifying section which has an amplifica-
tion band which includes the wavelength of said pump-
ing light and doesn’t include the wavelength of said
signal light, and which amplifies said pumping light
input to said pumping light input port, and outputs this;
and

a pumping light supply section which supplies said pump-
ing light output from said first optical amplifying sec-
tion, together with said signal light mnput to said signal
light mput port and having a wavelength outside the
amplification band of said first optical amplifying sec-
tion, to said nonlinear optical medium, wherein

said first optical amplilying section 1s constructed using an
erbium doped fiber amplifier having an amplification
band 1n either one of a C-band and an [.-band,

said pumping light has a wavelength close to the edge on
the long wavelength side 1n the C-band, or close to the
edge on the short wavelength side in the L-band, and

said nonlinear optical medium amplifies signal light hav-
ing a wavelength in a region between the C-band and the
L-band, by an optical parametric amplification effect
due to said pumping light, and outputs this.

18. An optical parametric amplifier provided with a non-
linear optical medium to which 1s input signal light and pump-
ing light, which amplifies the signal light by an optical para-
metric amplification effect due to the pumping light, and
outputs this, said optical parametric amplifier comprising:

a signal light mnput port to which 1s mnput said signal light;

a pumping light input port to which 1s iput said pumping,
light for which the wavelength 1s different to that of said
signal light;

a first optical amplitying section which has an amplifica-
tion band which includes the wavelength of said pump-
ing light and doesn’t include the wavelength of said
signal light, and which amplifies said pumping light
input to said pumping light input port, and outputs this;
and

a pumping light supply section which supplies said pump-
ing light output from said first optical amplifying sec-
tion, together with said signal light mnput to said signal
light mput port and having a wavelength outside the
amplification band of said first optical amplifying sec-
tion, to said nonlinear optical medium, wherein

said first optical amplilying section 1s constructed using an
erbium doped fiber amplifier having an amplification
band 1n an [-band,

said pumping light has a wavelength close to the edge on
the long wavelength side in the L-band, and

said nonlinear optical medium amplifies signal light hav-
ing a wavelength 1n a region on the long wavelength side
from the L-band, by an optical parametric amplification
clfect due to said pumping light, and outputs this.
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and outputs this, said optical parametric amplifier comprising:
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a second optical amplitying section which has an amplification band which includes the

wavelength of said signal light and the wavelength of said pumping light, and which amplifies said
signal light and outputs this; and

a pumping light supply section which supplies pumping light output from said first optical
amplifying section, together with signal light output from said second optical amplifying section to
said nonlinear optical medium. --
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